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1.0 _Introduction

Because laser ranging systems differ so significéntly
in funding and objectfves, it is probably most useful here
to discuss some general guidelines for specifying the ope-
rator feedback in such systems. To make the presentation
more concrete, some examples from the system in Wettzell,
Bundesrepublik Deutschland, are presented. They demonstrate
one approach that has been reasonably effective in solving

the problems of feedback.

2.0 Include the feedback in the initial design

The desired feedback should be at least as carefully
thouéht out in the eariy design phases as is the hardware.
Feedback needs and content should be determined with enough
detail that (1) the proper computér and peripherals can be
considered, (2) the hardware designers can plan to provide
the feedback data in dbnvenient form, (3) a reasonably

accurate cost estimate can be made, and (4) the ultimate
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success of the feedback can he assured.

- 3.0 Include a software designer

Nearly, if not as, important as adequate early feedback
design is the need to involve a software professional in
the project design team at the earliest possible date.

The inclusion of an experienced programmer will work to-
ward assuring (1) reasonable hardware~software tradeoffs,
(2) balanced, achievable requirements for both the feed~
back and the system as a whole, and (3) a flexible soft-

ware base for future expansion.

The Wettzell system is a case in point. The original
request for proposal specified support for future expan-
sion but made no stipulations about the language or opera-=
"£ing system which would form the base of the tracking
software itself. Because of existing in~house experience

the first inclination of the system builder was to write
'the tracking software in PDP-11 assembly language and use
a small, home-grown, real-time executive as the control-
ling software entity. The "future expansion" would be
covered by providing as separate items a standard DEC

operating system and a Fortran compiler.

The software engineer, however, argued for a more inte-
grated system-wide approach using a DEC real-time opera-
ting system and the newly-available Fortran-IV-Plus com-
piler that generated in-line, fast machine code. That
approach was viewed with skepticism by some of the pro-
ject planners but was ultimately accepted. In the end,
however, it was generally agreed that the fully integrated

approach had been correct because the Wettzell system
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proved quite adaptable to even unforeseen system reguire-
ments. At the same time a second, somewhat similar system
being developed in parallel under the "in-house" approach

was relatively rigid and unreceptive to change.

The important point of this history is the impact
whlch the early use of the programmer's normal professio-
nal experlence had on the ultimate success of the system.
Similar rewards are ﬁo be expected on any ranging system

that. uses a significant amount of software.

& short, final note on picking a programmer:

- he must be a listener;

- he must be flexible enough to consider various software
SOiutions for the very real hardware problems involved
in a laser system;

- he must know that software is only one of several im-
portant means in such an undertaking;

- he must have the trust of the hardware people;

- he must be consultéd regularly and often;

- he needs up-to-date knowledge so that his responses
can be timely and effective.

Without this close cooperation, a haphazard software

system will probably result, a system that satisfies

no~one, which cannot:attract and hold good programmers,

and which never ceases to cost the project money.

4,0 Other factors

Bayond the overriding importance of including the soft-
ware designer in the earliest design phases, several other

factors will mold the feedback and its effectiveness in a

ranging system.
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4.1 What are the main system objectives?

Is the tracking data the only objective? Will someone
want to detect dynamic events at the satellite {e.g..,
Wobble)? Will monitoring of laser performance be part of
the computer's responsibility? Will the system be used to
train inexperienced operators or students? Will the com-
puter system perform complicated data analysis? Will
graphs, maps, or charts be created? Is this a system which

‘anticipates another system (that is, a feasibility study)?

In other words, potential aims as well as the possibly

. more restricted durrent ones should be considered. In
feedback terms this may mean, for instance, designing a
flexible system for handling CRT displays, plots or graphs.
Such generalized packages need not be elaborate. They can
be either purchased from vendors (though speed is often a
.problem with vendor software) or created by project per-
sonnel. In any case the rewards are fast in materializing
as the ideas for feedback often change early in the pro-

ject development.

As an example, in the Wettzell system standardized dis-
play and command entry formats were adopted from the earli-
-est stages of the project. A software package to create
and use these forms was written as the first major pro-
gramming effort. The entire package was no more than fifty
small subroutines. Yet use of that standard interface pro-
Gided a valuable overall coherence and control to the en-
tire system. '

One example: when it was decided to add a standard control
character on a system-wide basis, only cone subroutine was

changed.



4,2 Identify the users

Will experienced astronomers operate the system?
If so, succinct phrasges, jargon, or symbols might suffice
on CRT or listing formats as opposed to more word-oriented
apprcaches.
Technicians? An emphasisz on numbers with accompanying
graphs where appropriate might be more effective.
Undergraduates? Textual headers, graphs, generally more

informative output is prechably zequired.

" The more technicdl, jargon-rich approaches limit
system usage to more highly trained operators. On the
other hand the wordy, self-explanatory solutions often be-
come burdensome to anvone who gains familiarity with the
system., These restrictions can bhecome obviously confining

only after the system is in coperation.

The method which has proven effective in the Wettzell
system for reducing "chatter" yet maintaining an atmosphere
of operator assistance is "coded menus". The operator is
shown on the CRT a list of the valid choices for the parti-
cular portion of the program in execution. Each choice is
presented as a short descriptive title (about 35 charac~
terg) and a code {zlch&ractexs), A menu item is selected
by typing the code. This approach provides enough promp-
tin§ to allow the manual to remain on the shelf yet impo-

ses a minimum amount of typing for those already knowledg-

able in the system's operation.

4.3' What kind of information is familiar to the users?

Do they think easily in symbols? Graphs? Numbers?

Charts? Sentences? Abbreviations? Will the long range



- 141 -

users of the system think this way? Freguent users can
usually remember the form and meaning of many abbreviated
entries and readouts. Infrequent users will be regularly

driven to the manual (and the wall) by excessive shorte-

nings.

4.4 Identify the computer resources

Does the computer have great speed? Large memory?
Fast mathematical calculations? An operating sytem? Disk
storage? Does the operating system support parallel
taksing? Overlays? Inter-tasx communication? Powerful
languages? Do the languages generate in-line code? Are
multiple computers available? Are pre-coded packages for

plotting and CRT display creation available?

All these factors influence speed, flexibility, and
availability of programmer time to create various forms of
feedback. For example, a system which has a relatively
primitive operating system may require much programmer
time (i.e., budget) to satisfy basic tasking and control
needs leaving little opportunity £or anytiing Leyund
rare~bones feedback features. Indeed, it is genefaliy Lne
case that expenditure of funds on flexible, expandable,
vendor~supported computers, peripherals, and programming
tools more than repays itself in improved productivity

of the programmers.

Consider this example from Wettzell: the initial system
was developed on a machine with only one small disk, a mag-
netic tape unit, and a primitive utility program for copy-
ing between tape and disk. This forced the software to re-
side on tape since only small subsets of the entire system

could be stored on disk at one time. This, in turn, forced



- 142 ~

programmers to spend a significant part of their expensive
time (often as much as one hour per day) waiting for tape-
disk transfers to occur. The “"economy" of only one disk

drive was in fact a major project expense.

4.5 Identify the operating environment

is the facility dedicated to laser ranging? If so,

extra computer time can be devoted to maintaining infor-
mative, dynamic displays or graphs. If not, the limited
computer availability dictates stripped down, data-rich
displays which give maximum information in the shortest
possible computer execution time. Also in this case, on=
line operator aids (e.g., & "help" command) might be de-
sirable to allow the observer to make maximum, efficient
use pf the time available to him.

Is the facility nolsy? Quiet? Bright? Dark? These
factors influence the visual or auditory impact that the
feedback must have to gain the operator's attention.

Are other computers available in a network? If so,
nonftimencritical processing can be assigned to them to
provide extra feedback beyond the capability of the track-

ing computer.
4.6 - Determine the reguired data

Whét must the operator see before him to detect success?
At leﬁst as important, what does ‘he require to be able to
correct failure? Essential information certainly includes
mount position, expected position, elapsed time of the
miséLon, operator-entered system pertubations (such as
AZ/EL offsets, a time delta), and an indicator of satellite
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acquisition (perhaps a display showing the range delta}.

4.7 Determine the presentation format

The way the data is presented to the operator usually
répresents a difficult tradecff between (1) desirable or
élegant presentations with visual impact, (2) the computer
time and peripheral equipment requirements to provide
guch feedback, (3) cost - both equipment and programmer,
and (4) the operator's ability to understand and retain

the data presented to him,

For example, CRT displays of dynamic graphs showing
azimuth and elevation positioning relative to predicted
éalues are impressive visually and provide rapid operator
understanding. However, they are also very costly in CPU
dtilization and programming time. Plots on paper provide
excellent hardcopy records of ‘the mission. But they are
glow relative to CRT displays ‘and, therefore, may not be
adéquate for providing real-time tracking feedback. A dis-
glay of number registers allows a good deal of information
t6ibe shown on a single, relatively inexpensive, alphanu-
meric CRT screen. éuch displays generally lack visual im-
pact (a major aid to understanding and recognition) and
require a great deal more operator concentration to detect
trends. (For example, a gauge or dynamic graph will quickly
show the azimuth réading and the direction of movement;

a' humber register only shows the former. The operator must
mentally integrate several successive register values to
detect direction).

4.8 Make the computer do the work

Computer projects of all kinds are usually under budge-
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tary pressure. Shortcutting the operator feedback system
often appears to be a good way to save money. The pro-
grammers can work on the "important parts of the system".

What budgets really are, however, are disguised oppor-
tunities. They offer the chance to design and build the
best feedback system in the most compact form at the best
price without all the extras that no-one really needs any-

way’?

Shortecuts, on the other hand, are rigid. Unyielding
beasts that lunge out at any programmer who dares enter
their domain. They are entrenched shortsightedness. They
deny'the inevitable need for adaptability in something as
complex, as evolving, as a laser ranging system.

But most importantly, shortcuts show a lack of concern
for the»peoPle who must use the system. The computer is a
tireless doer of drudgery. The human is not. The best
systems incorporate these truisms. The results are pleasant
to use, allow operators to solve their problems rather
than the computer’s, and open the system to a wide audience
of users and onlookers (it helps to have a system that
management can visually understand!).

In short, spend time for the humans. You have nothing
to lose but complaints.
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Abstract

The operational procedures used at the University of Texas to generate
Lageos ephemeris predictions for the TLRS and MLRS are described. The
procedures which have been adopted for Lageos use two months of
quick-look range data to estimate the satellite orbit elements and a
Wdrag" parameter at a specified epoch. These parameters are used to
prediet the ephemeris for four to six months beyond the two months
used in the estimation process. The accuracy of this predicted ephem-
eris has been evaluated with specific cases. These cases show the
ephemeris error to pe less than 100 m after four months past the esti-
mation interval. The operation -and software design considerations
uysed in the development of the TLRS and MLRS software for reconstruct-
ing the predicted ephemeris are described also. The ephemeris recon-
struction software has been designed to use a simplified model of the
satellite dynamics to enable its operation in a mini~ or micro-
computer environment, as well as to reconstruct the predicted ephem-
eris to meter-level accuracy. By adjusting the initial conditions,
model mismatches between the prediction software and the reconstruc-
tion software can be accommodated. The performance and characteris-

tics of this software 1s described.
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Introduction

The successful operation of satellite laser ranging (SLR)
systeﬁs is dependent, in part, on the ability to point the
laserftelescope in the apﬁroximate direction of the satellite. The

allowable pointing error is essentially determined by the laser beam
divergence and the signal-to-noise ratio. This error stems from the
following sources:

& errors in the predicted satellite ephemeris,

® errors in the predicted earih orientation,

o errors in the a priori knowledge of the SLLR location,

e errors in pointing the instrument to a commanded position,
and )

& errors in the!SLR clock.
If the site is permanent or has been previously occupied by an SLR
systgm; the third sourc; should contribute only a small error. HOwW-
ever; sites which have noﬁ been occupied previously may require the
approximate specification of coordinates from a topographic map, thus
introducing errors of tens$ or hundreds of meters., Range acquisition
can be seriously degraded if any of these error sources, singly or in
combination, exceed the beam width at the satellite's altitude.
Although all sources are important, the latter two are hardware-

dependent and will not be treated in this paper.

The error in the predicted satellite ephemeris arises from
two distinct sources. First, the ephemeris is obtained by estimating

the satellite state from observations taken over some interval of
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time. This estimation procedure is performed using an adopted model
for. the forces and kinematics used to describe the satellite motion.
With the estimated state and the adopted model, the satellite equa-
tions of motion are solved and the predicted satellite states beyond
the estimation interval are cbtained. This predicted ephemeris will
inevitably be in error because of 1) inaccurate state estimates,
2Y inaccurate or ‘incomplete models for the satellite
dynamics/kinematics and 3) the approximation technique used to sclve
the satellite equations of motion. In general, however, the dominant
characteristic of the ephemeris prediction error is in the satellite's
"a;ong-track direction," i.e., direction of motion. In the subsequent

discussion, the predicted ephemeris will refer to the ephemeris gen-

erated in the manner described above, usually at a site with access to
data from many sites and to significant computer facilities which may

be required to analyze the available data.

The second error may be introduced at a laser site which
uses the predicted ephemeris to generate on-site pointing predictions.
This error is distinctly different from Lthe ephemeris prediction error
since it will result from the use of an approximation technique which
18 compatible with the limited computer resources available within the
SLR system, Consequently, the LR may not reproduce the predicted
ephemeris exactly due to the inherent differences 1in the models or
approximation methods used at the central site compared to those used
in the SLR station. The ephemeris generated on-site within the SLR

will be referred to as the reconstructed ephemeris. The selection of




- ldy -

a technique to generate the reconstructed cphemeris within  the SLR
will be based on the following factors:

o the amount of data which must be transmitted to the SLR,

e the frequency with which the data must be transmitted,

e the computer resources required by the SLR to provide a
usable ephemeris from the transmitted data.

For example, a cne-day ephemeris provided to the SLR at one-minute
intervals would require 1440 time points with three components of
satellite positon at each time. To reduce the amount of data, only
the data points from the predicted ephemeris which pertain to the
satellite passes for a particular SLR should be provided; however,
this procedure places severe sort/merge problems on the central site
due to different observing schedules at each station., Furthermore, in
this example, the SLR computer resources must still be used to inter-
polate between the available points for the instrument pointing. The
disadvantage of providing a large number of points to the SLR becomes

even greater when considering highly mobile laser ranging systems,

Highly mobile laser ranging systems which operate in
remote areas may have limited access to high-speed communication
resources, thus reguiring the frequent transmittal of data via disk or
cassette storage media. As a consequence, a highly mobile laser sta-
tion must assume a significant degree of autonomy, especially for
operation in undeveloped areas where access to even ordinary telephone
communication may be difficult. In these circumstances, the station

should be able to operate for long periods without external communica-
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tion during which the on-site resources should be fully utilized for

the following objectives:

@ generate laser/telescope pointing predictions,

e update thegpredictions using previously acquired data,

& evaluate tﬁe guality of the laser pulse returns.
The first two objectivés are necessary to acquire successful laser
pulse returns, while‘ the last objective is neccessary to enable on-
site evaluation and assessment of system performance. In addition,
thé.computer implementétion of the algorithms necessary to achieve the

foregoing objectives within the computer capability of the station has

further requirements, namely:

e The predicﬁion software and procedures should not intro-
duce abrupt changes in the predicted ephemeris except at
infrequent and specified times when the ephemeris 1is

updated from external scurces.
® The prediction quality should gracefully degrade.

o The prediction software and harduare should be capable of
computing gonsiderably faster than real-time.

@ The prediction software should not use overlayed and vire
tual memory but should occupy the directly addressable
memory of typical minicomputers to enhance the transferral
of softwaré between distinctly different machines.

o Maximum ephemeris information should be compressed into a
small numbér of parameters.

e To enhance the system performance, especially the signal
detection, it is desirable that the maximum allowable
prediction ‘error be less than 100 m at all times for
Lageos.

The design and analysis of algorithms and procedures to

accomplish the previously stated objectives require further considera-
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tion of the available computer resources within the station. Compact
systems will have limited computer power, as represented by the cen-
tral processor performance capabilities and the main memory storage
capaciﬁy. These limitations are jmposed by the following:

@ ayailable nardware technology and available space within
the cabinetry,

@ power requirements and available power supply.,

& heat dissipatioﬁ and available cooling system.
These tﬁree limitations are interrelated and, because of the speed at
which %echnology is changing, are difficult to fully evaluate in the
algoritﬁm and procedure design process. Consequently, the design has
been difected toward the hatdware available in the Transportable Laser
Rangirg System-1 (TLRS-1) and the McDonald Laser Ranging Station
(MLRSfé_developed for NASA by the University of Texas at Austin [Sil-

verberé; 1981].

The following sections describe the procedures which have
been adopted and which have evolved for the generation of the
predibhed ephemeris and the reconstructed ephemeris, particularly for
Lageos. The accuracy of these predictions and the models used in

their generation are described. The considerations for the TLRS pred-
ictionA software development are discussed, and the software perfor-

mance ‘in generating the reconatructed ephemeris is summarized also.



The Predicted Ephemeris

The ability to predict the state (position and velocity)
of a satellite is dependent on several factors, namely, 1) the accu-
racy of the satellite .state at some epoch, 2) the accuracy of the
models used to describe the forces acting on the satellite, 3) the
aceuracy of the models used to describe the kinematic contributions in
thé various coordinate transformations, 4) the accuracy of predictions
ﬁhich influence the representation of forces and kinematics, and 5)
the accuracy of the method used to solve the differential equations of
satellite motion. These factors, which are not completely independent

of each other, are discussed in the following paragraphs.

Applying the princlples of Newtonian mechanics, the motion
of‘ a satellite is descrlbed by a system of second-order ordinary dife
fefentiai equations which relate the inertial acceleraton of the
satellite's center ﬁf mass to the forces which act on it. This
deécription is an initial value problem, hence, the position and velo=
eity of the satellite, ?o and'Vo, are required at some time Po . The
solution of the iniﬁial value problem yields the position and velocity
at other times, t. However, -the initial values are typically not
k;own Lo an adequate docuracy to achieve the required accuracy in
prediction. As a corisequence, observations must be ysed to determine
fhe state at a selected epoch. The determination of the orbit, how-
ever, requires consideration of all of the other factors listed above.

in general, the model characteristics and the techniques utilized in
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the state estimation wili be identical or nearly identical to those

used toperform the state prediction.

In supbort of TLRS and MLRS, the determination of the
orbit u;ilizes quick-look laser range data reported from the NASA sys-
tems, tﬁe smithsonian Astrophysical Observatory {SA0} systems and par-
ticipét%ng Furopean systems. These data are transmitted to the
Univeréity of Texas at Austin through the NASA Communications Network
(NASCO&). usually within a few hours of acquisition, The precision of
the quick-look laser range data is system-dependent and yaries from a

few centimeters to several decimeters.

The models used for the estimation of the epoch state (?0
and ?d? have evolved from‘analysis of over five years of Lageos data.
These gnalyses have includéd several refinements in the force model
based on "long-are" solutions spanning the entire data set. However,
because some small forces observed in these long arcs are not fully
understood and cannot be accurately predicted, they have been par-
tially:ignored in the models adopted for the orbit determination
aspect‘.in support of the predicted ephemeris generation. The models
adopted for the state estimation and prediction process are summarized
in Table 1. To accommodate the unknown and variable forces, a con-
stant along-track force is estimated simultaneously with the satellite
state. In addition, the differential eguations of motion are solved
by a fourteenth—order multi-step numerical integration method

described by Lundberg [19811. The software used in the estimation
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précess is UTOPIA [Schutz and Tapley, 19801].

The interval of time used for the Lageos orbit determina-~
tion portion of the prediction process will be referred to as the

estimation interval, usually an interval of approximately two months.

The state and paraﬁeters obtained from the estimation process, com-
ﬁined with the adopted models, are used to generate the predicted
éﬁhemeris for a peﬁiod at least as long as the estimation interval.

Tﬁé interval of time beyond the estimation interval is referred to as

ﬁﬁé prediction interval. The estimation and prediction intervals of

tﬂé recent predicted ephemerides are summarized in Table 2.

In order te evaluate the accuracy of the ephemerides sum-
ma;ized in Table 2, the gyai}able éuick-look data for August and Sep-
ﬁémber. 1981, were used in a separate state estimation. The resulting
estimated ephemeris has an accuracy of about one meter over the esti-
mation interval and will be referred to as the "truth ephemeris." By
comparing the truth ephemeris with the predicted ephemerides, the
differences can be resolved into the radial, transverse {along-track)
and normzl (cross-track) differences. These differences are shown in
Figures 1 to 3. In addition, for comparison, ephemerides generated at
the NASA Goddard Space Flight Center (GSFC) are also shown. These
ephemerides, referred to as GSFC Inter-Range Vectors (IRV), provide

pointing predictions for the NASA network of laser stations.

It is of particular interest to note from Fig. 2 that the

error in the predicted ephemeris LAGO013 has grown to about 80 m at
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the end of a four-month prediction interval. In addition, the radial
and normal components of the error are less than 10 m. The GSFC
IRV’sj'however. exhibit significantly larger errors in this time
perio&; While these large errors may not totally prohibit acquisi-
tion,'they are likely to be a contributing factor to poor daytime
trackiﬁg of Lageos and the signal-to-noise ratio of the return, The
mannér-in which the errors illustrated in Figs. 1 te 3 are Mseen" at a
partieplar SLR site will be dependent on the viewing geometry of the

satellite with respect to -the SLR.

The Reconstructed Ephemeris

The ideal procedure for reconstruction of the predicted
epheﬁé%is at the SLR is‘io use the same dynamic and Kinematic models
used;for the generation of the ephemerides. In such an ideal case,
onlyf;the estimated position and velocity at a chosen epoch would be
requiégd for the SLR to cdmpletely reconstruct the predicted ephem-

eris; ) Consequently, only one set of six quantities would be required

for a several-month prediction interval,

Because of thé complexity of models used in the creation
of thé predicted ephemerié. it is not feasible with current technolog-
ical ‘and budgetary constraints to achieve the ideal case. Conse-
quently, the SLR software, which reconstructs the predicted ephemeris,

must ‘operate within the available computer resources. Various pro-

cedures are feasible, for example:
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e The predicted ephemeris fit with simple approximating
functions, e.g., sSpline or Chebychev polynomials. In
these cases, the parameters associated with the approxi-

mating function would be provided to the SLR;

@ Analyticai orbit theory, requiring mean orbit elements

consistent with the theory;

@ Simplified versions of the models and techniques used to

generate the predicted ephemeris.

Although numerous fac;ors were considered in the evaluation process,
the overriding factoré were maximal use of existing software and tech~
niques. as well as the transmission of a small number of parameters
fcr the reconstruction process. Consequently, the last procedure

listed above was adopted for the TLRS operation.

In generai, the use of ‘a simplified model for the ephem—
e;is reconstruction will cause a degradation at a rate whiech is depen-
dent on the degree of simplification, assuming that initial conditions
from the predicted ephemeris are directly used. An alternate pro-
cedure, however, is tb provide the reconstruction software with ini-
tial conditions which have been adjusted with respect to the predicted
ephemeris in order to reduce the reconstruction error. This "tuning"
6} the initial conditi&ns is transparent in the use of the reconstruc-
tion software; the burden for generating the tuned initial conditions

rests with the facility which generates the predicted ephemeris. The
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procedure is iliustrated in Fig. 4. It is important to note that the
purpose of the tuning is to essentially eliminate prediction erraors
which can be introduced by the reconstruction software,. With a chosen
reconstruction interval, 1i.e., the time interval for which the initial
conditions have been tuned, the software reconstructs the predicted
ephemerides as illustrated in Fig. 5. Although discontinuities will
exist between adjacent tuned intervals, the proper combination of sim-

plified model and tuning interval will ensure small discontinuities.

The degree of simplification in the reconstruction

software.is dependent on the acceptable error magnitude and the recon-
struction interval. After considering various intervals for providing
the pfeéicted ephemeris (in the form of adjusted initial conditions},
the in@grval of one daf was chosen as the nominal goal for TLRS. With
this ééiection. only one set of satellite position and velocity per
day neeq to be provided to the reconstruction software, thereby allow=

ing even verbal transfer of several days of data to the SLR if it is

required.

With the selection of a nominal one-day predicted ephem—
eris interval, consideration of various models for the reconstruction
software was necessary. By faithfully reconstructing the predicted
ephemeris, the satellite ephemeris available at the SLR will reflect
only efrors in the predicted ephemeris, instead of the errors from
both the prediction and the reconstruction., With this consideration,

the design criteria was adopted that the reconstruction error be less
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than five meters RMS over the reconstruction interval.

Using UTOPiA, the software used for the generation of the
pfédicted ephemeris, -various experiments were performed to evaluate
véhious simplified modéis for Lageos., These experiments utilized an
e?ﬁemeris comparison ﬁode in which points on an ephemeris can be used
a%;“observations" for & least-squares adjustment of epoch state or
o;her parameters. Tge nonlinear estimation process requires itera-
t;bn; however, the initial iteration always began with the state
d;kectly available f;om the predicted ephemeris. To assist in the
ihﬁerpretation of results, the differences between the Yobserved
(;redicted) epifxemer-i.‘s'fl and the "computed ephemeris" are resolved into
céﬁponents in the radiél (R), transvérsa (T) and normal (N) direc-
tigns. These differénces are expressed in terms of their Root Mean
Ségare (RM3) for each iteration. Furthermore, only the epoch state

wéé adjusted in the results which are described in the following para-

graphs.

Because of the Lageos"orbital characteristics, degree
se?en, order six spherical harmonic coefficients produce a 2.66-day

long-period effect. Consequently, experiments have shown the neces-

sity for inelusion of these terms in the reconstruction process, espe-
¢ially when the software will predist the state for one day from a
sihgle position and velocity, The influence of these coefficients is

summarized in Tables 3 and 4.
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Similarly, the moon produces. an effect on the Lageos orbit
which 1is characterized by 1l- and 28-day periods, while the effect of
the sun has annual and semi-annual periods. While the effect may be
small‘:within one day, the day~to-day effects can be expected to
change, as exhibited in Tables 5 and 6. As shown in these tables, the
use of.points on the predicted ephemeris as the initial conditions for
the reconstruction process without inclusion of the sun and moon
yields errors of as much as 150 m., This violates the stated criteria
that the ephemeris reconstruction be accurate to less than five
meters, Even after tuning;the initial conditions for this model defi-
cienci} the error still exceeds the 10 m level. Inclusion of the sun
and mqon shows that the.specified criteria can be met, even without
tuninégthe initial condit@dns. This conclusion, however, assumes that
the réconstruction proceés uses a model of the sun and moon coordi-
nates? which is identical to that used in the generation of the
predicted ephemeris, which requires a large supporting data base (DE=-

96).

Bused on the preceding results, the reconstruction
software was developed by Cuthbertson [1981] using the characteristies
shown in Table 7. Particular characteristics include the use of Pines
[1974] nonsingular formulation for the gravitational spherical harmon-
ies, modified to directly use normalized coefficients. In addition,
the software utilizes an analytical theory of the moon and sun to
avoid the necessity of a large supporting data base. Evaluation of

the éccuracy of this approach compared to the use of DE-96 in the
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reconstruction software is in progress, It is to be noted, however,
that‘ by appropriate tuning of the initlal conditions most of the

differences in the models can be eliminated.

The reconstruction software is coded in Fortran and has
been operated on a PDP 11/60 minicoﬁputer using the RSX11M operating
syétem. as well as on a Data General Nova computer. The software uses
1@55 than 32000 16-bit words of memory for execution. With the
system's hardware floating point processor, predictions for a full day

require less than five minutes of computer time, typically about two

minutes.

The reconstruction software has been evaluated through the
usé  of points from the pffdicted ephemeris as well as with quick-look
data. In the former ca;e,‘ a set of initial conditions from the
pré&icted ephemeris were used for a one-~-day predicéion and points gen-
erated by the reconstruction software were directly compared with
points from the predicfed ephemeris. The latber case used quick-look
range data from Yarragadee, Australia, on October 10, 1981, Using the
jnitial conditions froh the predicted ephemeris, LAGOO14, and without
tuhing. a range residual RMS of 5.1 m was computed, approximately
equivalent to 34 ns in two-way propagation time. It is important to

note that the last data used in the creation of this predicted ephem-

eris was 3 September 1981.
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Conclusions

The results have demonstrated that the errors from a
several-month prediction of the Lageos ephemeris are less than 100 m.
With gxpected further impgovements in the force models used for the
state~:estimation and ephemeris prediction, simultaneous improvements

in prédiction accuracy will result also.

The ephemeris,reconstruction accuracy is dependent on 1)
the model used and 2) tﬂe interval of'time for which the reconstruc-
tion is applied. The model requirements can be relaxed by adjusting
initial conditions used in the reconstruction software to accommodate
the model differences. This tuning of the information provided to the
reconétruction software ;can produce meter-level accuracy in recot-

.‘,“

structing the predicted ephemeris.
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Table 1

MODELS USED FOR LAGEOS ESTIMATION/PREDICTION (LAGOO14)

Force HModels:
Gravitational

GEM 10 (Lerch, et al., 1979); complete to degree and order
13 plus selected resonance coefficients

Sun and Moon: coordinates from JPL DE-96 [Standish, et al.,
1976]

Solid Earth Tides*; Wahr (1981a) model wusing 10664 earth
model

Ocean Tides*:; Schwiderski (1980) nine-constituent model

Nongravitational
Solar Radiation Pressure; assumed constant

Drag~like Force; estimated paramq&er, agsumed constant
{(LAGOO14 value, -2.60 x 10

Equations of Motion:

Mean equator and equinox of 1950.0- nonrotating reference system
Earth Orientation:
1976 IAU Precession [Lieske, et al., 19771

Wahr Nutation (1981b)

Pole Position and UT1 from BIH Circular D; for prediction, values
adopted from extrapolation of BIH Cireular D

Laser Station Coordinates, LSC 80.11 {[Tapley, et al., 1980]

Numerical Methods:

Fourteenth-order multi-step [Lundberg, 1981]

Software:

UTOPIA [Schutz and Tapley, 19801

# Implementation and results are given by Eanes, et al. f19813].
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Table 2

REbENT PREDICTED EPHEMERIDES FOR LAGEOS

Ephemeris Estimation Prediction
Identification _Interval* Interval
LAGOO13 18 March 1981 11 May 1981
to 10 May 1981 to 19 September 1981
(54 days) (131 days)
LAGOO 14 16 July 1981 3 September 15981
3 September 1981 to 1 February 1982
(49 days) (151 days)

* Interval during which quick-look laser range data are used to esti-

mate the epoch orbit elements and drag parameter.
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Table 3

ONE-DAY EPHEMERIS RECONSTRUCTION: 4 x 4 GRAVITY
EPHEMERIS DIFFERENCES (m)

RMS RMS Tuned

Day R T N Overall Overall
1 3.4 uy,3 4.5 25.8 3.0
2 3.6 30.9 3.9 18.1 2.9
3 3.3 32.5 5.4 9.1 2.9
y 4.5 13.1 4,5 8.4 3.2
5 4.0 19,5 2.6 11.5 3.1

Table #4

ONE~DAY EPHEMERIS RECONSTRUCTION: 7 x 7 GRAVITY

RMS RMS Tuned

Day R I N Qverall Overall
L 0.8 5.2 0.3 3.0 0.6
2 0.3 4.8 0.5 2.8 0.6
3 0.8 3.7 0.4 2.2 0.5
4 1.1 2.6 0.3 1.7 0.6
5 0.8 2.7 0.3 1.7 0.6
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Table 5

ONE-DAY EPHEMERIS RECONSTRUCTION: NO SUN/MOON
EPHEMERIS DIFFERENCES (m)

RMS RMS Tuned
Day R . T N Qverall Overall
1 8.9 523.3 73.8 152.14 21.9
a 5.2 52.2 127.7 79.7 19.6
3 4.9 27.7 109.2 65.1 16.3
) 4.8 - 16.2 90.0 52.9 13.5
5 5.7 S 14,2 79.5 46,8 12.9

Table b

ONE-DAY EPHEMERIS RECONSTRUCTION: SUN/MOON
' EPHEMERIS DIFFERENCES (m)

Chy . RMS RMS Tuned

Day R I N Dverall Overall
1 0.7 6.7 0.6 3.9 0.5
2 0.3 4.1 1.2 2.5 0.7
3 1.0 4.2 1.7 2.7 0.6
b4 1.0 2.4 1.1 1.6 0.6
5 1.0 3.t 0.8 1.9 0.7
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Table 7T
MODELS USED FOR LAGEOS EPHEMERIS3
RECONSTRUCTION SOFTWARE
Force Models:

Gravitational
GEM 10, complete to degree and order 7

Sun and Hoon} coordinates from analytical theory

Nongravitational

None

Equations of Motion:

True-of-date nonrotating reference system defined by
initial epoch

Numerical Methods:

Fourteenth-order multi-step integrator [Lundberg, 1981]
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(M)

TRANSVERSE GRBIT ERROR

COMPRRISON OF THE TRANSVERSE GRBIT ERRGR OF DIFFERENT
LAGEQS EPHEMERIDES IN RUGUST-SEPTEMBER 1981
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FIG.2 TRANSVERSE PREDICTION ERROR
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B

RECONSTRUCTION INTERVAL AT SLR

A: RECONSTRUCTED EPHEMERIS USING PREDICTED EPHEMERIS
FOR INITIAL STATE

B: RECONSTRUCTED, EPHEMERIS USING INITIAL STATE TUNED
To BEST FIT SLE MODEL TO PREDICTED EPHEMERIS

FIG.4 TUNED INITIAL CONDITIONS

PREDICTED
EPHEMERIS
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PRACTICAL ASPECTS OF ON-SITE PREDICTION

E. Vermaat

Workiﬁg Group for Satellite Geodesy, Kootwijk,
Delft University of Technology, Delft, The Netherlands.

Abstyract:

The amount of success of satellite laser ranging, apart
from efforts in instrumental design, largely depends on
the production of accurate satellite orbits by a predic—
tion center.

This paper reviews some of the aspects of the inter-
action between a prediction center and mobile laser rang-~
ing systems.

Practical techniques for real-time prediction optimi-
sation are reviewed. The feasibility of on-site estimation

of orbital parameters is discussed.

1. * Introduction

Satellite laser ranging systems should be provided with

orbital parameter messages, which are sufficiently compact
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for ease of data-communication and which allow for effi-
'f”c1ent on~site computation of loock-angles. Section 2 re-
views techniques for this.

The frequency’ ‘with which satellite orbits should be
‘upgraded, from tﬂe reduction of recent quick-look data
“largely depends én orbital characteristics. Low flying
satellites, especially those affected significantly by air
drag, cannot be predicted accurately for more than 2 or 3
weeks ahead [Dunn,1979]. '

The required prediction accuracy obviously depends on
equipment characteristics. An important overall quallty is
the maximum beam divergence allowing for a reasonable pro-
bability of satellite return detection. In daylight, at
high background noise levels, this value will be most
critical.

If the a-priori guality of the look-angle predictions
does not allow for "hands~off" tracking due to e.g. poor
orbital information or, in case of mobile ranging, inaccu-~
racies in site coordinates, mount orientation or timing,
real-time facilities as described in section 3 could help
_optimising acquisition rates significantly. h

Tn case of interrupted data communication with the pre=-
diction center, pbssibly happening to remoteiy éperating
mobile stations, a great deal of continuity of operation
can be obtained from on-site orbital parameter estimation

techniques. These are discussed in gsection 4.

2. Reproduction of the orbit on-site

Obviously it will be highly impractical to transmit
‘gsets of look-angles from a prediction center to the indi-

vidual laser ranging stations. The prediction center
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should define a set of parameters which describe the pre~

dictéed orbit accurately and which allow for an efficient

process of computing look-angles using on-site computing
facilities. Thus one requires a parameterisation of the
orbit to a sufficient degree of accuracy with a limited
set of data involved on one hand, and reasonable simplici-
ty in the reconstruction and in the subsequent computation
of look~angles on the other hand.

A well known example of this approach is the SAO mean
element message comprising Keplerian mean elements at an
epoch and terms describing secular and long-periodic perr
turbations [Thorp,1978]. The reconstruction of the orbit
requires an analytical theory for updating the orbit to
any epoch t(i) and the addition of significant short-
periodic perturbations. The famous SAO-Aimlaser programme
does just that.

An alternative approach is the use of osculating ele~-
ments (a state vector) which describe the actual satellite
state at an epoch in a well-defined coordinate system,
e.g. NASA IRV messages., The reconstruction of the orbit can
be accomplished by numerical integration of the eguations
of motion derived from a dynamical model. Pertinent to
this model a choice out of three cases could be made.

a. The formally only correct way is to use the original
dynamical model for the equations of motion as being
used for the quick-look data analysis at the prediction
center. This would precisely reconstruct the orbit as
it has been predicted from the data analysis, at the
unrealistic price however of heavily burdening the on-
site computing facilities.

b. Alternatively one could derive the equations of motion
from a simplified model. The permissible degree of sim=
plffication depends basically on the satellite orbit
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characteristics and the arc length required. The recon-
structed orbit being tangential at the initial epoch
will gradually diverge from the originally predicted
orbit. In table 1 the committed error is sumﬁarized
using a given state vector for STARLETTE and LAGEOS.
Results are given at various arc lengths and using two
very simple dynamical models, accounting for the in-
fluence of earth gravity up to the J2 term or up to
degree and order 4 respectively, neglecting all other
forces.

These results suggest the use of one state vector
for each observable.pass of STARLETTE (about 5 or 6
per day), where the J2-field is already sufficient and
one state vector for every one-day arc of LAGEOS, uti-
lising up to C,S(4,4). Thus the computational effort
required on-site as well as the number of state vectors
involved is quite limited.
A third possibility is that the prediction center fits
an arc of certain length to the predicted orbit in an
adjustment process using a simplified dynamical model,
yielding a new estimate for the initial state vector.
Utilising this "mean" state vector, the fitted arc can
be reproduced on-site by numerical integration applying
the same simplified model. Again the permissible arc
length and the degree of simplification are related
and depend on the orbit. But the absence of the diver-
gence occurring in the former case, as a result of the
technique of approximation applied here, will allow for
a considerably greater arc length to be derived suffi-
ciently accurately from a single state vector. Fig 1
depicté the deviation from the original orbit for a
7-day STARLETTE arc, utilising a tailored dynamical
model comprising 23 selected coefficients of the earth
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STARLETTE

20 min 1 hour 1 day
J 2,0 77 m/ 16 " 205 m/ 43 " -
J 4,4 15m/ 3° 63 m/ 13 " -
LAGEOS 20 min 1 hour 1 day
J2,0 - 71w/ 2.4" -
J 4,4 - 12 m/ 0.4" 229 m/ 7.9"

Table 1.

Errors in satellite position due to truncation of tne 2arth
. gravity model up to the J,—term and up to degree and order
respectively, at various arc lengths.

A
k3
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gravity field basically to degree and order 6, as well
as models for air drag and lunar gravity. Fig. 2 gives
similar results for a 30-day arc of LAGEOS derived
from an earth gravity field up to degree and order 4,
and models for lunar and solar gravity.

In both cases the maximum error is less than 50 m in
the along-track, radial and across-track components.
Moére details on this approach are given in
[Vermaat,1981]. '

From these various approaches it can be concluded that
ways exist to optimize both the amount of input data deman-
ded from a prediction center and the simplicity of the
on-site software producing the look-angle information re=

quired for tracking.

3. Real-time techniques for prediction optimisation

Basically three goals should be accomplished while
tracking the satellite, in order to optimise the data
acquisitions:

a. obtaining the satellite within the laser beam and
obtaining the occurrence of its return signal within
the time window,

b. discriminating satellite returns from noise,
deciding on corrections to the look-angles, delay and
size of the time window to enhance the signal to noise

ratio.

If a. is not accomplished automatically when tracking
has commenced, eventually at the maximum permissible beam
width and time window, there is little else to do then to

engage some search—-and-find process, primarily adjusting
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the along-track component.

The second goal should obviously also be aimed at imme-
diately, in order to be able to judge the amount of success
in actually hitting the satellite. This discrimination
could be facilitated by graphically displaying the occurred
events e.g. in terms of observed - predicted values or by
constructing histograms counting events in a number of
classes defined in the travel time domain. This graphical
data will require operator intervention to conclude about
the actual offset in predicted range. Simple numerical
: techniques for processing range residual data could be
imagined to arrive automatically at the range offset.

An increased acquisition rate resulting from the deploy~
" ment of a multi-event timer, especially at high noise

| levels, could significantly speed up this process of lo-
cating the satellite.

Angular information could be derived from data sampling
with a quadrant detection system, such as anticipated in
the Delft mobile system [Visser,1981]. This data, sampled
with four independent PMT's, could likewise be processed
‘elther graphically or numerically, to decide on the angu-
“lar displacement of the satellite with respect to the
optical center of the detection system.

Once the satellite has been located with some degree of
reliability, the corrections to be applied to the predicted
delay or, in case of quadrant detection to the lock-angles,
can be decided upon easily by the operator or eventually
from dedicated software. An example of a curve fitting
technique rapidly concluding accurately on improved range
prediction is given in fig. 3. As soon as a curve is fitted
~to 7 to 20 early range observations in the pass, utilising
1-a second degree polynomial and a Keplerian model with three

free parameters resp., the remaining range predictions in
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the pass are extrapolated from the curve. The graphs dis-
.play the residuals with respect to the actual observations.
rIt is concluded that already after processing the first 14
%ange observations, the improved range predictions obtained
from the Keplerian model result in range predictions accu-
rate to at least 200 ns for the remainder of the pass.

Thus, with the techniques described, improved satellite
predictions can be' produced, allowing for the decrease of
both the time window produced by the range gate generator
and the width of the laser beam, which in turn yields im-
proved signal to background noise levels. It is expected
that these detection hardware facilities in concert with
simple but cleverly designed software, will considerably
improve the amount of data acquisition in case of initial-
ly marginal observability conditions like daylight ranging
at low signal levels of poor a-priori information on either
the satellite's orbit or on mount position and orientation,
or in caée of the occurrence of unknown clock offsets.

&, Orbital parameter estimation from on-site analysis

. The guality of orbital predictions for low orbit satel=-
iites (say less than 1500 km), especially those with un-
‘favourable area to mass ratio, tends to deteriorate quite
rapidly in a few ﬁéeks tifie. Regular re-estimation based
on recent tracking data is therefore important, requiring
4 prediction center collecting quick-look data from
different tracking stations and transmitting newly derived
orbital parametersregularly. If remotely operating mobile
laser ranging systems encounter problems in data communi-
cation with the outside world, successful ranging on these

satellites might become increasingly difficult. Some de-
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gree of independence for these mobile systems in terms of
on—site prediction capability therefore might add to the
success of laser ranging campaigns.

Méjor drawbacks in this on-site data reduction and esti-
mation process will be the poor geometry of the solution
as a'qonsequenCe of the use of one-station range data only
and the severe simplifications in the dynamical model from
which the equations of motion will be derived, dictated by
the limited on-site computer capacity. The feasibility of
this approach however has been indicated by several authors
(e.g. [Schutz,1978],[Wakker,1981]).

Tﬁe geometry problem will have to be solved by reducing
data from a sufficient number of different passes, thus
increasing the estimability of the orbital plane orienta-
tion parameters. But even in clearly non-singular solu-
tions, systematic errors which might easily go undetected,
could corrupt the significance of the estimated orbital
parameters. Therefore this type of analysis always will
have‘ﬁo be done with care.

The limited computer capacity will be most severe in
real¥£ime, because high priority programs will be in exe-
cutioﬁ e.g. for monitoring the tracking and data format-
ting, etc. The necessity for orbital parameter estimation
in real-time could be questioned however. Some of the more
apprdﬁriate candidates for efficiently improving tracking
paraﬂeters in real-time were outlined in the previous sec-
tionf:The corrections to the look-angles derived in this
way, usually have limited validity for future passes how-
everyﬂTherefore, once serious offsets in the look-angles
or délays due to poor orbital prediction quality have
heen éncountered, programmes for data reduction and para-
meter estimation should be executed off~line in the periods

between pass observations, thus exploiting the otherwise
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idle computer capacity to the full.

The feasibility of the sequential KALMAN filter approach
for this analysis has been clearly demonstrated in
[Wakker,1981]. In this reference the application of the
ek#ended KALMAN filter technique to the problem of orbital
estimation utilising one-station range data, is outlined.
Ofispecific interest is the solution to the filter diver-
geﬁce problem due to non-linearity of the dynamical equa-
tions. The cautious application of a correlation correc-
tion factor slighthly affecting the state covariance matrix
prior to each observation-update step, effectively elimi-
naﬁas this instability. The notorious filter divergence
préblem occurs also in presence of undetected gross errors
ihythe range data. [Vermeer,1981] describes a theoretically
derived technique based on the "limited gain" philosophy,
bbﬁnding the influence of gross errors. Without the use
of‘this kfnd of techniques, the effect of gross errors,
eséecially when occurring at the beginning of a new pass,
i& ‘generally fatal to the filter stability. From these
studies it can be concluded that with carefully designed
software and cautious analysis, the KALMAN filter method
pféves to be a powerful tool to solve the problem of up-
gtading orbital parameters from on-site range data analy=
si8.

5fFor those who insist, this sequential technique could
béfapplied in real-time, feasible for satellite ranging
stations equipped with sufficient computer capacity.

5'Obviously batch type approaches could also be employed,
ekélusively in the off-line case. Reducing batches of data
pfincipally has the advantage of better control of the in-
flhence of gross errors in the data, than sequential tech-

nigues, although as indicated above, the quite poor geo-
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metry due to the exclusive use of range data only from

one station, might in many cases largely neutralise this
quality, especially when a small number of passes has been
observed. A candidate for a simplified dynamical model
describing the satellite's orbital motion could be the
model outlined in section 2, used for the approximation of
an arc, estimating a "mean" state vector. This new initial
state vector defines the arc with sufficient accuracy,
deploying dynamical equations derived from the tailored
force'model. If this model would have been installed al-
ready'for the computation of'look-angles, it would require
relatively little extra coding to allow for the reduction
of range data, re-estimating the initial state in the same
dynamical system. Promising results were obtained from a
preliminary investigation upgrading a 7-day STARLETTE arc
utilising the tailored model described in section 2.

Fig. 4 illustrates the effect of the reduction of 9 passes
of rahge data. In this simulation study, the initial state
was corrupted causing a considerable divergence between
the "real" and the corrupted arc, illustrated in the top
figure. The graph at the bottom shows the deviation of the
updated arc from the "real®” arc after processing 9 passes
of range data, taken within 48 hours from the beginning of
the are. It should be noted that the original initial state
vector was derived from a 7-day arc. The latter 7 days de-
picted in this figure shows the results of sheer extrapo-
lation, suggesting the feasibility of continuing this on-
site analysis with recent data, thus obtaining a good deal
of independence from external orbital information. Con-
siderable interrupts in the data acquisition due to e.g.
weather or site change would easily corrupt this process
of "bootstrapping", compelling re-initialisation from

external information.
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Figure 4,

Satellite orbit improvemeitt from
on=-stte analysis. A poorly
predicted arc of STARLETIZ t8
upgraded from the reduction of
one-gtation range data taken in

9 passes during the first 48

hours of the arc. The deviations
from the veference orbit are
diaplayed for the predicted arc
(top) and the {mproved arc (bottom).
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5 Concluding remarks

A dedicated prediction center communicating regularly
updated orbital parameters for the low satellites to SLR
stations, could eliminate all serious on-site prediction
problems. Nevertheless a great deal of flexibility and
reliability can be obtained from clever hardware/software
features at the stations for real-time prediction optimi~
sation. Some degree of independence from data communica-
tion with the prediction center by means of on~site faci-
lities for orbital parameter estimation, is advisable

and feasible.
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